Abstract: Chemoselective ligation reactions are highly efficient and specific covalent bond forming reactions capable of proceeding within a physiological environment. Chemoselective ligations offer exquisite specificity, similar to enzymatic reactions, but with the significant advantage of accessing a much broader range of coupling partners. Thus, even among a multitude of reactive functional groups, two ligation partners exclusively react with one another. While chemoselective ligation has been used in many applications, the focus of this review is the application of chemoselective ligation reactions toward carbohydrate-based structures. More specifically, recent applications are presented in areas such as immobilized carbohydrate arrays, cell-surface engineering, glycoproteins/peptides, and glycosylated natural products.
INTRODUCTION
Carbohydrates, glycoconjugates, and oligosaccharides are critical components of living systems and mediate a vast number of fundamental biological processes-from complex cellular operations required to initiate and sustain life, to recognition events that are responsible for autoimmune diseases, organ rejection, and inflammation. This functional diversity is reflected in the diversity of carbohydrate structures. There is an increasing demand for efficient access to oligosaccharides and glycoconjugates to deepen our understanding of glycobiology and to expedite the development of therapeutic agents. Unlike other biomolecules such as proteins and nucleic acids, the synthesis of carbohydrates is not template-driven. Thus, while biological machinery can often be employed to synthesize proteins or nucleic acids, continuing advances in chemical synthesis are needed to provide easy access to glycoconjugates and oligosaccharides.
Carbohydrate-containing molecules are difficult to synthesize because orthogonal hydroxyl group protection strategies are required and because stereoselective glycosidic bond formation is often challenging. Despite these complications, great strides have been made toward simplifying the chemical synthesis of oligosaccharides [1] . Yet, as the synthesis of oligosaccharides becomes more routine, the development of reliable methods to conjugate these molecules to each other and to other scaffolds remains a challenge. Chemoselective ligation, first described to allow the convergent assembly of synthetic peptides to provide full-length proteins [2] , is now poised to allow the facile assembly of carbohydrate-containing molecules. In this review, we will describe the concept of chemoselective ligation and outline the known chemoselective ligation reactions, focusing on those that have been employed to generate carbohydrate-conjugates. The body of the review will discuss carbohydrate-based chemoselective ligation applications, such as carbohydrate microarrays, cell-surface *Address correspondence to this author at the Laboratory for Biosynthetic Chemistry, School of Pharmacy, University of Wisconsin-Madison, 777 Highland Ave., Madison WI 53705, USA; E-mail: jsthorson@pharmacy.wisc.edu engineering, glycopeptide synthesis, and natural product glycorandomization. The scope of the review is limited to include only ligations that incorporate a carbohydrate as a reaction partner.
CHEMOSELECTIVE LIGATION
Chemoselective ligation refers to the aqueous covalent coupling of unprotected, highly functionalized biomolecules that contain mutually and uniquely reactive functional groups [3] . The underlying concept that characterizes chemoselective ligation is the notion of "bioorthogonality" [4] . In other words, the pair of functional groups that undergoes ligation must react together exclusively, within a biological environment. "Biological environment" is a loosely-defined term, and therefore there are different degrees of bioorthogonality. For example, disulfide exchange can be considered a chemoselective ligation reaction since it tolerates water and can be carried out under mild, biologically-compatible conditions. However, there are many thiol-containing molecules present in vivo, so this chemoselective ligation reaction is not particularly bioorthogonal-it can only be employed in controlled systems that avoid cross-reactivity with other thiols. In contrast, chemoselective ligations involving azides and specially-designed phosphine reagents (Staudinger ligation) or alkynes (Huisgen 1,3-dipolar cycloaddition) are highly bioorthogonal since azides, phosphines, and alkynes are generally not present in biological systems. An ideal chemoselective ligation reaction is very bioorthogonal, i.e. it is characterized by the same remarkable selectivity that is a hallmark of antibody-antigen recognition [3c] . In addition, the best chemoselective ligations: a) are fast, high yielding, and therefore clean; b) do not require a large excess of reagent, or employ excess reagents that are easily removable; c) take place in water without the use of co-solvents; and d) are irreversible under physiological conditions.
Cycloadditions
A number of cycloaddition reactions, including 1,3-dipolar cycloadditions and Diels-Alder reactions, have been used for chemoselective ligation (Figure 1 ). Cycloadditions are ideal chemoselective ligation reaction candidates since the two unsaturated reactants fuse together, generating no byproducts. The Huisgen dipolar cycloaddition of azides and alkynes (Figure 1b ) [5, 6] is particularly interesting because azides are easily introduced into organic molecules, and because azides are tolerant toward water, oxygen, and the nucleophilic functional groups present in living systems. Unfortunately, this triazole-forming cycloaddition is not highly bioorthogonal since elevated temperatures are often required to increase the rate of the reaction; it is also not very regioselective. The Sharpless and Meldal groups independently discovered that, for reactions involving terminal alkynes, catalytic amounts of Cu(I) salts increase the reaction rate allowing room temperature reactions and also improving regioselectivity [7] . Cu(I) salts can be introduced directly, or via in situ reduction of Cu(II) salts using phosphines, sodium ascorbate, or Cu(0) as reducing agents. Addition of a tris(triazolyl)amine ligand was also found to increase the reaction rate [8] . While the uncatalyzed reaction is a concerted cycloaddition, the Cu(I)-catalyzed variant is thought to proceed via a stepwise process involving a Cu(I)-acetylidene species [7] . Unfortunately, the toxicity of Cu(I) may limit the use of this reaction in vivo.
In addition to the applications described in this review (vide infra), the Huisgen 1,3-dipolar cycloaddition has been used to generate enzyme inhibitors [9] , to perform activity-based protein profiling [10] , and to label the surfaces of viruses [8] and bacteria [11] .
Electrophile-Nucleophile Pairs

Carbonyl Electrophiles
Several electrophile-nucleophile pairs can react selectively with one another under physiological conditions. For example, carbonyl groups (i.e. aldehydes and ketones) react with aminooxy groups, hydrazides, and thiosemicarbazides to form oximes, hydrazones, and thiosemicarbazones, respectively (Figure 2) . The alpha effect renders the nucleophilic nitrogen atoms of aminooxy groups, hydrazides, and thiosemicarbazides less basic but more nucleophilic than an amino group. Because of this enhanced nucleophilicity, these reactions are thermodynamically favorable in water, unlike the reaction between amines and aldehydes to form Schiff bases. When ligation reactions are performed at mildly acidic pH (4.0-5.5) enhanced selectivity is observed since the attenuated basicity of aminooxy groups, hydrazides, and thiosemicarbazides leaves these nucleophiles unprotonated while potentially competing amino groups are protonated (and therefore nonnucleophilic). Oxime, hydrazone, and thiosemicarbazone linkages are stable from pH 5 to pH 7, and have been used extensively in chemoselective ligation applications including the formation of peptide conjugates [2c, 12] , in vivo protein labeling [13] , the generation of enzyme inhibitors [14] , and the applications discussed below.
Thiol Nucleophiles
The reaction of sulfhydryl groups with a variety of electrophiles, such as haloacetyl groups, maleimides, disulfides, sulfamidates, and α,β-unsaturated esters, can selectively provide the products shown in Figure 3 . These reactions can be performed in water, often at near-neutral pH since these conditions are basic enough to provide a substantial population of the reactive thiolate species. Because thiolates are excellent nucleophiles, and because other nucleophiles such as amines are protonated at neutral pHs, excellent selectivity can be obtained in thiol-based ligations. However, many free sulfhydryl groups are present in the biological milieu (e.g., cysteine side chains and glutathione) which can easily interfere with a desired chemoselective ligation. Thus, as previously stated, the formation of thioether and disulfide bonds are not completely bioorthogonal chemoselective ligation reactions and generally can only be used when competing thiols are not present. Another drawback to the use of thiols is that undesired oxidation to disulfide-linked homodimers can compete with the desired chemoselective ligation process. Nonetheless, thiols have been used extensively in chemoselective ligation reactions, both for the formation of carbohydrate-containing structures (vide infra), and for other applications [15] .
In a recent report, thiocarboxylic acids have been reacted with azides, including β-glucosyl azides, to form amide products [16] . This new reaction could provide the basis for a novel chemoselective ligation strategy (Figure 4a) . Thiocarboxylic acids have also been used extensively with haloacetyl groups and other electrophiles to chemoselectively form thioester linkages (Figure 4b ), although to our knowledge only in non-carbohydrate applications [2a]. 
Staudinger Ligation
In addition to their participation in cycloaddition reactions, azides can also react with specially designed phosphine reagents in the "Staudinger ligation" (Figure 5 ). The Staudinger ligation was inspired by the Staudinger reaction, in which a phosphine is used to reduce an azide to an amine [17] . Phosphines react with azides to form intermediate iminophosphoranes, which have a nucleophilic nitrogen. After Vilarrasa established that this nitrogen can react intra-or intermolecularly with acyl donors [18] , Bertozzi and coworkers showed that acyl groups on specially-designed phosphine reagents can also be transferred to the iminophosphorane nitrogen, probably via a n oxazaphosphetane intermediate [19] . Because the Staudinger ligation can be carried out under physiological conditions and is very tolerant toward biological functional groups, it can be considered a highly bioorthogonal chemoselective ligation reaction. "Traceless" variants of the Staudinger ligation, which leave no residual reagent atoms in the product, have emerged recently in order to ligate peptide fragments [20] .
CARBOHYDRATE MICROARRAYS
Polysaccharides, glycoproteins, and other glycoconjugates decorate the surfaces of prokaryotic and eukaryotic cells. Given the many saccharide building blocks, and the many possible linkages between them, carbohydratecontaining molecules can be extremely diverse and are capable of carrying vast amounts of information. By capitalizing upon this expansive diversity, cell-surface carbohydrates mediate a wide range of important cell-cell and cell-biomolecule recognition events. For example, a variety of cellular processes-including fertilization, apoptosis, differentiation, development, and tumor-cell metastasis-can be triggered when cell-surface carbohydrates recognize biological ligands. Unique carbohydrate interactions also mediate cell adhesion, trafficking, infection, and intercellular signaling. An enhanced understanding of cell-surface carbohydrate/biomolecule interactions could lead to new diagnostic tools and to novel therapeutic agents.
Scientists are just beginning to understand cell-surface carbohydrate/biomolecule interactions, but progress in this field is limited by the difficulties associated with accessing complex carbohydrate structures [1] and by the lack of highthroughput analytical techniques. In recent years, DNA microarrays have provided a high-throughput platform to study gene expression [21] , and protein microarrays have allowed proteomic analysis [22] . Similarly, carbohydrate microarrays represent a high-throughput technology that is poised to advance the emerging field of glycomics [23] .
Microarray technology involves a solid substrate upon which probe molecules are covalently or non-covalently attached in a spatially addressable manner. Microarrays can be many times smaller than a traditional 96-well plate and, as a result, more information can be rapidly obtained on a single microarray using much less sample material. Given that carbohydrates are difficult to isolate and/or synthesize, the small amount of carbohydrate probe necessary to generate a carbohydrate microarray is an important advantage. Carbohydrate arrays, which are capable of displaying carbohydrate probes multivalently, are likely to be more sensitive than assay techniques that allow only for monovalent binding, since the strength and specificity of carbohydrate/biomolecule interactions is generally dependant on multivalent effects [24] .
Many of the first carbohydrate microarrays relied upon the non-covalent association of carbohydrate probe molecules with the substrate [25] . Other microarrays featured carbohydrate groups that were covalently bound to the substrate [26] . Covalent linkages result in a defined and uniform orientation of the carbohydrate probes and enhance the accessibility of the probe molecule toward binding. However, it is often difficult to identify functional groups that are suitable for the chemoselective attachment of a carbohydrate probe to a solid surface under mild conditions. Chemoselective ligations represent a simple and efficient way to immobilize carbohydrate probes onto surfaces and are increasingly being used to fabricate carbohydrate microarrays as highlighted below.
Smith et al. employed disulfide exchange to immobilize thiol-modified monosaccharides onto a gold film via an intervening spacer ( Figure 6 ) [27] . The key attachment step involved exchange between thiol-modified carbohydrate 2 and mixed surface disulfide 1. The stability of the pyridine-2-thione released during the ligation process provided an enthalpic driving force for the desired disulfide exchange. Subsequent surface plasmon resonance imaging of these arrays allowed for the calculation of adsorption coefficients and solution dissociation constants between the carbohydrates and two lectins.
Surface sulfide groups have also been used in conjunction with maleimide-linked sugars to generate carbohydrate arrays (Figure 7 ) [28] . In proof-of-principle studies, Shin and coworkers showed that 12,000 distinct maleimidosugar spots could be applied to a single microscope slide. Binding of lectins to the immobilized carbohydrates was found to be dependent on the length of the linker between the sugar and the maleimide group, and on carbohydrate concentration. These observations are consistent with the increased accessibility of the carbohydrate probe with longer linkers and with multivalent binding effects, respectively. Similar experiments have been conducted by the groups of Mrksich and Seeberger using thiol-functionalized carbohydrates and maleimidefunctionalized self-assembled monolayers [29] or maleimidecoated glass slides [30] , respectively.
While chemoselective ligation reactions involving thiol groups are useful in the systems described above, thiols present in the biological milieu may limit the use of thiolbased chemoselective ligation reactions for the fabrication of carbohydrate microarrays in certain contexts. Thus, there is an ongoing drive to fabricate carbohydrate arrays using chemoselective ligation reactions that are orthogonal to the functional groups found on most biomolecules. In an elegant example, Mrksich and coworkers used the Diels-Alder cycloaddition to covalently immobilize carbohydrate-diene conjugates onto a gold plate derivatized with benzoquinone groups (Figure 8 ) [31] . The density of the bound carbohydrate probes could be easily modulated by varying the density of reactive benzoquinone moieties on the array surface relative to the inert surface PEG chains, allowing the study of multivalent effects. The chemoselective Diels-Alder reactions were carried out by manually applying a droplet of an aqueous solution of carbohydrate-diene conjugate 7 to plate 6, incubating for 2 hours, and then capping unreacted benzoquinone groups with a PEG-conjugated diene. The resulting arrays were used to profile lectin binding, to quantitatively analyze enzyme inhibitors, and to assess enzyme activities. Anticipating continued progress in the automated synthesis of complex carbohydrates [1], Mrksich and coworkers also demonstrated that allyl glycosides generated from solid-phase synthesis can be incorporated into carbohydrate arrays using a simple oxidation/ chemoselective ligation sequence.
Fazio et al. have explored another cycloaddition reaction, the reaction between an azide and an alkyne [6] [7] [8] , to chemoselectively ligate carbohydrate probes to a solid substrate ( Figure 9 ) [32] . In model studies, it was found that azidosugar 10 reacted with alkyne 9 in the presence of DIEA under Cu(I) catalysis to form triazole 11. When such reactions were carried out in the wells of a microtiter plate, the hydrophobic product adhered non-covalently to the wells. After the solvent was allowed to evaporate, residual salts and base could simply be washed away. Microtiter plates derivatized with twelve oligosaccharides in separate wells were subjected to proof-of-principle lectin-binding experiments; enzymatic conversions on immobilized substrates were also accomplished. The ability to modulate carbohydrate density was not demonstrated in these studies. Although this work was performed on a 96-well microtiter plate, and not a more miniaturized microarray, the immobilization chemistry should be applicable to microarrays as well.
The "traceless" Staudinger ligation was employed by Köhn et al. to generate small molecule microarrays ( Figure  10 ) [33] . These workers coated glass slides with a layer of polyamidoamine dendrimers, treated the terminal amine residues with glutaric acid anhydride, and esterified the resulting carboxylic acid functionalities with 2-(diphenylphosphanyl)phenol to form construct 12. The plates were then spotted with azide-containing small molecules using a spotting robot. Among the small molecules applied to this type of array was azide-derivatized mannoside 13, which was successfully recognized by concanavalin A. Köhn et al. demonstrated that for other small molecules, the requisite azide functionality could be incorporated during the safety-catch cleavage step following solid-phase synthesis.
MULTIVALENT CARBOHYDRATE DISPLAYS
Because carbohydrates are ubiquitous in cell-surface recognition events, the study of protein/carbohydrate interactions is important and may lead to novel therapeutic agents. Many of the receptors for cell-surface carbohydrates are proteins (e.g., lectins) that contain more than one carbohydrate recognition domain [34] . As a result, although lectins weakly bind monovalent carbohydrates, these proteins bind multivalent displays of sugars efficiently and specifically [35] . Access to scaffolds that present carbohydrates in a well-defined manner is essential for the (Fig. 12) continued investigation of protein-carbohydrate interactions.
Researchers have increasingly sought to assemble multivalent carbohydrate displays via convergent, modular, and high yielding approaches that avoid elaborate protecting group manipulations. Employing chemoselective ligation during the assembly of multivalent carbohydrate displays, as highlighted in this section, fulfills these criteria [36] .
Dumy and coworkers have used cyclopeptidic "regioselectively addressable functionalized templates" (RAFTs) as scaffolds for the de novo design of proteins and for other applications [37] . By modifying these previously described RAFTs with aldehydic functionality, Dumy and coworkers were able to assemble tetravalent carbohydrate displays using chemoselective oxime formation (Figure 11 ) [38] . Specifically, template 15, assembled via solid phase peptide synthesis and solution phase cyclization, was treated with sodium periodate to form the desired glyoxyaldehyde functionality. After HPLC purification, RAFT 16 was treated with aminooxy mono-or disaccharides 17 under mild aqueous conditions to afford tetravalent glycoconjugates 18 in high yield and purity as judged by HPLC. Subsequent fluorescent anisotropy experiments involving a mannoseconjugated RAFT display, a fluorescent concanavalin A ligand (also assembled via chemoselective ligation), and monovalent methyl α-D-mannopyranoside revealed that the RAFT molecule showed enhanced binding affinity to concanavalin A relative to monovalent mannose, as expected.
Multivalent carbohydrate displays have also been synthesized for use as initiators and modulators of the immune response. The mannose receptor, a protein that delivers antigens to dendritic cells to trigger the immune response, preferentially recognizes microorganisms and biomolecules that contain multiple mannose moieties [39] . 
CARBOHYDRATES AS TASP TEMPLATES
Template assembled multivalent peptides (TASPs), first suggested by Mutter and coworkers [43] , consist of a relatively rigid template which orients attached peptide strands in a spatially-defined manner. These assemblies have been used as synthetic vaccines [44] , as enzyme inhibitors and/or disruptors of protein-protein interactions [45] , and as tools to test scientists' current understanding of protein folding [46] . TASPs have been fabricated using stepwise solid-phase peptide synthesis; however, these syntheses and the subsequent purifications have proven difficult [44a] . Chemoselective ligation of unprotected peptide strands to a TASP template represents a convergent and efficient approach to complex multivalent peptides and proteins. Because peptides contain a rich array of functional groups, the success of these ligation reactions relies upon the judicious choice of mutually and exclusively reactive chemical partners. [51] . In recent years, the suitability of carbohydrates as TASP scaffolds, and the application of chemoselective ligation to carbohydrate-based TASP assembly, has been explored. Carbohydrates are thought of as promising TASP templates given their rigidity and their vast range of available stereoisomers. A few examples are described below.
Jensen and coworkers have exploited chemoselective oxime formation to generate carbohydrate-based TASPs for structural studies [52] . Peptides containing C-terminal aldehydes (27) were generated using a backbone amide linker strategy (Figure 13a) , and methyl-α-D-galactopyranoside template 28 was also synthesized. The chemoselective ligation of peptides 27 and 28 were achieved in acetate buffer, to afford conjugates 29 in good yields (Figure 13b) . Assemblies 29 were characterized by low resolution structural analyses such as circular dichroism (CD) spectroscopy. The data suggest that one four-stranded carbohydrate-peptide assembly significantly populates a 4-α-helical bundle tertiary structure. In subsequent studies, other monosaccharides were explored as TASP templates [53] .
Wang et al. have explored carbohydrate-based TASPs for the display of gp41 peptides as HIV vaccines and as viral membrane fusion inhibitors [54] . Because gp41 peptides are often not soluble under acidic conditions, and are unstable under basic conditions, chemoselective ligation methods for the assembly of these TASPs had to be carefully chosen. The Michael addition of a thiol group to a maleimide is a chemoselective ligation reaction that occurs under neutral conditions. Therefore Wang and coworkers pursued this strategy for the assembly of gp41 peptide-containing TASPs (Figure 14) . Ethyl α-D-galactopyranoside-based maleimide cluster 30 was synthesized in solution, and a gp41 peptide containing a C-terminal cysteine (31) 
CELL-SUFRACE ENGINEERING
As stated in previous sections, cell-surface carbohydrates mediate a number of fundamental biological processes. The difficulties associated with controlling the expression and spatial arrangement of cell-surface carbohydrates have limited our understanding of these moieties and how they participate in recognition and signaling events. Because the biosynthesis of carbohydrate structures is not template- Chemical strategies for altering cell-surface carbohydrates generally involve the formation of a covalent linkage between a reactive functional group on a cell-surface carbohydrate and a complementary reactive group on a reagent bearing an oligosaccharide or other molecule of interest. In some cases traditional reactions, such as the formation of Schiff bases [57] , have been chosen to alter cell-surfaces. However, these reactions often suffer from a lack of specificity. Chemoselective ligation reactions are better suited for applications that require tolerance toward the many functional groups present in a physiological environment. Uniquely reactive functional groups can be introduced to cell surfaces extra-or intracellularly. Extracellular strategies involve treatment of the cell with a reagent that converts native cell surface functional groups into uniquely reactive chemical handles. For instance, cellsurface sialic acid residues can be mildly oxidized to aldehydes using periodate [57, 58] and these aldehydes can then undergo chemoselective ligation with hydrazine or aminooxy compounds to form hydrazones or oximes, respectively [59] . Alternatively, chemoenzymatic approaches can be used to generate cell-surface chemoselective ligation handles [59] [60] [61] . For instance, in one study terminal sialic acid residues were removed enzymatically from cell-surface oligosaccharides to expose penultimate galactose residues which were oxidized using galactose oxidase to form aldehydes [61] .
As an alternative to the extracellular incorporation of chemoselective ligation handles, these groups can be Fig. (16) . Metabolic incorporation of cell-surface azide groups, followed by Staudinger ligation.
installed metabolically by feeding cells appropriate cellsurface carbohydrate precursors [56, 62] . Bertozzi and coworkers have found that sialic acids are excellent vehicles for carrying reactive functional groups to the cell surface since the sialic acid biosynthetic pathway is very permissive toward variations in substrate structure [63] and since sialic acid is abundantly displayed on the cell surface. In a seminal example, Mahal et al. synthesized N -l e v u l i n o y l mannosamine (ManLev, 33) , a ketone-bearing derivative of the metabolic precursor to sialic acid, N-acetylmannosamine (ManNAc) [64] . Mammalian cells were fed 33, and incorporation of the corresponding ketone-labeled sialic acid group onto the cell surface was achieved (Figure 15) . Depending on the cell line used, as many as 10 7 ketones were expressed per cell [65] . These ketones could then participate in chemoselective ligation reactions under physiological conditions with aminooxy or hydrazine compounds to further elaborate the cell surface. Lectin binding epitopes [64] , virus binding antibodies [66] , and magnetic resonance probes [67] have been added to cell surfaces using this technology. Also, the demonstration of selective ketone-based killing of mammalian cells in vitro has raised the possibility that metabolic engineering followed by chemoselective ligation may provide a novel drug delivery strategy [64, 68] . Hang et al. showed that a ketone-containing N-acetylgalactosamine (GalNAc) mimic could also be used to place ketones on the surface of certain mammalian cells, although fewer ketones were expressed relative to the use of ManLev [69] . Treatment of mammalian cells with a ketone-containing N -acetylglucosamine (GlcNAc) molecule did not result in the incorporation of cell-surface ketones. Ketones have also been incorporated via metabolic engineering into the cell walls of lactic acid bacteria [70] . These ketone groups were able to participate in a chemoselective ligation reaction with a hydrazinecontaining dye.
Bertozzi and coworkers have also employed a second cell-compatible chemoselective ligation reaction, the Staudinger ligation, to modify cell surfaces [71] . Analogous to the metabolic incorporation of ketone groups (vide supra), mammalian cells were fed azide-functionalized mannosamines (e.g. 34, Figure 16 ). Azide groups were installed on the cell-surface via metabolism of these sialic acid precursors. The cell-surface azide groups subsequently underwent chemoselective ligation with specially designed phosphine reagent 35 to form an amide-linked product. This sequence of azidosugar metabolism followed by Staudinger ligation was found to provide a greater number of elaborated cell-surface groups than ketosugar metabolism followed by hydrazone formation. Additionally, a preliminary disclosure suggests this reaction can proceed within a mouse [72] .
Azides may be superior chemoselective ligation handles to ketones for some cell-surface engineering applications since the latter functional group is present inside cells in the form of pyruvic acid, oxaloacetate, and other metabolites. Also, because the Staudinger ligation is orthogonal to ligations involving ketones, Bertozzi and coworkers have been able to show that both reactions could be performed in tandem on one cell [19] . This finding could allow more advanced studies involving the reaction of cells with two different probes or biomolecules.
OLIGOSACCHARIDE ANALOGS
Many biological processes are mediated by the recognition of oligosaccharides by protein receptors. This fact has lead to interest in the synthesis of oligosaccharide mimics in which the labile O-glycosidic bond has been replaced by other bonds that are more resistant to chemical or enzymatic degradation [73] . The synthesis of oligosaccharides and oligosaccharide mimics, whether pursued in solution or in the solid phase, is far from trivial since orthogonal hydroxyl group protection strategies are required and because stereoselective glycosidic bond formation is often difficult. As discussed below, chemoselective ligation has recently been used to assemble oligosaccharide analogs.
When an R-ONH 2 group is reacted with a reducing sugar in aqueous solution a mixture of open chain E/Z oxime isomers are the predominant products [3c]. In contrast, Peri et al. showed that when an R-ONHR' group is used the sugar unit retains its cyclic nature, and the glycosidic bond forms with high diastereoselectivity [74, 75] . Presumably, N,O-substituted hydroxyl amines react with reducing sugars to form an intermediate oxy-imminium species, which then undergoes ring closure with OH-5 ( Figure 17) .
Peri et al. exploited this chemoselective ligation reaction to generate oligosaccharide analogs containing an N(OCH 3 ) interglycosidic linkage [76] . Monomer 36, containing both a reducing end and an amino(methoxy) group (masked as an oxime), was synthesized to allow iterative synthesis of linear oligosaccharide mimics (Figure 18 ). Monomer 36 underwent condensation with 37 to form disaccharide mimic 38. Treatment with NaCNBH 3 reduced the oxime to an amino(methoxy) group which could participate in a chemoselective ligation with 36 to generate trisaccharide mimic 39. These ligations could also be performed on the solid phase [76] . Molecular mechanics and NMR studies suggest that 39 displays conformational behavior similar to that of its natural O-glycosidic counterpart [77] . among the proteomes of higher organisms. Glycoproteins often exist in a heterogeneous array of glycosylated forms, which makes it difficult to determine specific structurefunction relationships. In order to better understand the activities of specific glycoproteins, many research groups are actively developing new methods for the synthesis of homogeneous glycosylated proteins or peptides. In recent years, chemoselective ligation has been applied to allow the facile construction of these biomolecules. Given the recent explosion in the number of examples of this technology being applied to the formation of glycopeptides, and due the significant number of excellent reviews on this topic [3b, 78] , in this section we will provide one or two examples of how individual chemoselective ligation reactions have been applied to the synthesis of carbohydrate/peptide bonds. In at least one case, two orthogonal chemoselective ligation reactions have been employed to doubly modify a single peptide [79] .
GLYCOPEPTIDES
Electrophile/Nucleophile Pairs
Aminooxy, Hydrazide, and Semicarbazide Nucleophiles
A number of strategies for constructing glycopeptides using oxime and/or hydrazone bonds have been reported.
Many of these reports involve the ligation of aminooxy-or hydrazine-substituted peptides with reducing sugars [74f, 80] or with specially synthesized ketosugars [81] . For example, Carrasco et al. synthesized Fmoc-protected N-methylaminooxy amino acid 40 and successfully incorporated it into a small peptide via solid-phase peptide synthesis (Figure 19) [80a, b] . The fully deprotected peptide was ligated with D-glucose or D-lactose under aqueous conditions to afford the desired closed-ring neoglycopeptides in good yields. As mentioned previously, when N-methylaminooxy groups or hydrazine groups are used in conjunction with free sugars, closed ring glycoconjugates are formed [3a]. Cipolla et al. synthesized α-C-glycosyl ketone 44, and ovalbumin peptide fragments 45 that contain N-terminal aminooxy acetic acid residues (Figure 20) . The sugar and peptide fragments were ligated in acetate buffer to afford desired conjugates 46, which were subsequently subjected to an antigen presentation assay. Carbohydrate-carbohydrate linkages in pre-synthesized glycopeptides and carbohydrateoligonucleotide conjugates have also been created using oxime formation [12f, 82] .
A complementary strategy involves the synthesis of sugars that contain nucleophilic groups and peptides that contain aldehydes or ketones. For instance, Bertozzi and coworkers synthesized saccharides containing aminooxy, Fig. (22) . Carbohydrate-carbohydrate bonds within glycopeptides can be formed using thiol-based chemoselective ligations.
hydrazide, or semicarbazide groups at the reducing terminus and ligated these glycosides to peptides containing a side chain ketone to form neoglycopeptides 48, 50, 52, and 54 that resemble N-and O-linked glycopeptides (Figure 21) [83].
Thiol Nucleophiles/Halogenated Electrophiles
Many examples of the chemoselective construction of thioether linkages within glycopeptides involve the solidphases synthesis of a glycopeptide containing a thiosugar, followed by further elaboration to higher-order oligosaccharides using N-haloacetamido saccharides [84] . For instance, an analog of N-linked glycopeptide CD52 (58) was assembled via the aqueous ligation of Nbromoacetamido trisaccharide 57 to 56, a glycopeptide functionalized with a pentasaccharide side chain containing 2-thiomannose residues (Figure 22) [84]. Because the core pentasaccharide contributes to the structure of the glycopeptide, while the peripheral carbohydrate epitopes influence specificity, this chemoselective ligation approach may allow the facile assembly of libraries of CD52 analogs. One limitation to the use this strategy is that selective thioether formation can be achieved only in peptides that do not contain cysteine residues.
Another approach toward neoglycopeptides exploits cysteine residues to construct carbohydrate-peptide bonds [85] . For example, the free cysteinyl group in bovine serum albumin was selectively derivatized with a GlcNAc group using iodoacetamide 59 (Figure 23 ) [86] . In later work, MacMillan et al. showed that proteins containing multiple cysteine residues, involved in disulfide linkages except for a single free cysteine introduced via site-directed mutagenesis, could be glycosylated selectively at the single exposed cysteine residue [85a] .
Disulfide Linkages
Other workers have shown that proteins that contain cysteine residues, either naturally [87] or introduced via sitedirected mutagenesis [88] , can form disulfides to generate neoglycopeptide mimics of N-linked glycopeptides. For example, Jones and coworkers showed that mono-or disaccharide methanethiosulfonates 6 2 underwent quantitative ligation with cysteine thiols introduced at various points in the serine protease subtilisin Bacillus lentus (Figure 24 ) [88] .
Thiol Nucleophiles in Conjugate Additions
Maleimidosugars have been used in conjunction with cysteine-containing peptides and proteins to generate neoglycopeptides. The use of maleimide groups as electrophiles in chemoselective ligations overcomes some of the drawbacks associated with other ligation reactions. For instance, the optimal pH for chemoselective oxime/hydrazone formation is ~pH 4-5, a range that may cause some stability and/or solubility problems for some glycopeptides. At the optimal pH range for thiol/α -haloacetamide ligation (~pH 8-9), side reactions with nucleophilic amino acid side chain groups can occur. In contrast, the ligation of maleimides with thiols occurs readily at physiological pH. Wang and coworkers have synthesized maleimide-linked saccharides 65 and have used these electrophiles to selectively glycosylate cysteinecontaining peptides and proteins 66 such as the HIV-1 gp41 peptide T20, which is an inhibitor against HIV infection (Figure 2 5 ) [89] . Shin et al. have synthesized 1-maleimidosugars for similar purposes [90] . Other workers have ligated thiol-containing saccharides to maleimidopeptides to generate neoglycopeptides [91] . Some examples of the chemoselective addition of thiosugars to peptides containing dehydroalanine residues have also been reported, but these examples were performed on protected peptides in organic solvents [92].
Thiol Nucleophiles/Sulfamidate Electrophiles
S-linked glycoproteins are useful analogs of O-linked glycoproteins since they display greater chemical stability and enzymatic resistance. One potential strategy for the synthesis of S-linked glycopeptides is the reaction of an anomeric thiolate with an iodoalanine residue. However, this strategy is complicated by competing elimination to form dehydroalanine derivatives. Halcomb and coworkers have addressed this problem by using cyclic sulfamidates ( Figure  26 ) [93] . In essence, the N-sulfate leaving group, because of its incorporation into a five-membered ring, is constrained in a geometry that is not conducive to elimination. Halcomb and coworkers have generated cyclic sulfamidate amino acid 68, and incorporated it into peptides 69. Ligation of peptides 69, in solution or on resin, with 1-thiosugars 70 affords the desired S-linked glycopeptides 71 after treatment with 5 M HCl or a Lewis acid. The acidic nature of the conditions required to remove the N-sulfate group precludes the use of this methodology for higher-order oligosaccharides and for peptides that are incompatible with acidic conditions [93].
Staudinger Ligation
Because glycosyltransferases accept protein substrates of many different sequences, it is difficult to predict which proteins will be glycosylated based on amino acid sequence. Bertozzi and coworkers have employed the Staudinger ligation to identify mucin-type O-linked glycoproteins from the proteome (Figure 2 7 ). The GalNAc analog Nazidoacetylgalactosamine (72) Bertozzi and coworkers have also employed the Staudinger ligation in an attempt to generate a highthroughput glycosyltransferase substrate specificity assay (Figure 28 ) [95] . In this assay, biotinylated peptide substrates 76 are incubated in parallel with a mucin Oglycosyltransferase and azide-modified nucleotide sugar 77. Next, the peptides that are successful glycosyltransferase substrates form biotinylated azido products 78 that are captured in avidin-coated wells, allowing excess nucleotide sugar to be washed away. Unsuccessful substrates also adhere to the wells, but do not contain azido groups. The bound azide-containing products 79 can then be detected using phosphine probe 80. Unfortunately, this assay is not generally applicable given the requirement for highly specialized acceptor and donor substrates and since the assay can only be used with glycosyltransferases capable of accepting these modified substrates.
Cycloadditions
Diels-Alder cycloaddition between a protein containing dienophile groups and saccharides containing conjugated diene groups has been achieved under mild aqueous conditions [96] . While this ligation reaction is bioorthogonal and therefore quite promising, in this particular case the method used to introduce dienophile groups into the protein was not selective, limiting the use of this technology. To our knowledge other cycloaddition reactions, such as the Huisgen 2,3-dipolar cycloaddition between an azide and an alkyne, have not yet been employed to generate glycopeptides.
IN VITRO GLYCORANDOMIZATION
The natural product pool, which includes many glycosylated secondary metabolites, is the source of over half of the world's drug leads. The functional contribution of carbohydrates to biologically active natural products has been reviewed in a variety of outstanding compilations [97] . Carbohydrate groups of natural product-based drugs have long been known to influence pharmacokinetic properties and there is an increasing recognition that carbohydrate appendages also play a key role in drug-target interactions. These findings suggest that the alteration of glycosylation patterns on secondary metabolites is a potential strategy for the generation of novel therapeutics.
There are a number of routes for altering the glycosylation of complex metabolites, such as synthesis/semi-synthesis, and in vivo pathway engineering. be obtained via chemical synthesis with the inherent or engineered substrate promiscuity of enzymes to activate and attach these carbohydrates to various natural product aglycons [98] . Furthermore, this methodology allows for the efficient incorporation of sugars bearing functional groups that can be modified via chemoselective ligation (e.g., azides
[99], thiols [100] , ketones [101] , aminooxy substituents [102] ) in the context of a very complex natural product architecture, to enhance the diversity of the final glycorandomized natural product library.
Thorson and coworkers have recently demonstrated the power of in vitro glycorandomization using vancomycin as the model [99] . The last steps in the biosynthesis of vancomycin involve the stepwise glycosyltransferase (GlyT)-mediated attachment of two sugars to the vancomycin aglycon to form a pendant disaccharide [103] . Nucleotide diphosphosugars (NDP-sugars) are the active sugar substrates accepted by the glycosyltransferases and are biosynthesized by nucleotidylyltransferases from sugar phosphates. Thorson and coworkers have engineered nucleotidylyltransferases that display unusual promiscuity toward sugar phosphates [104] , have chemically [105] or chemoenzymatically [106] synthesized sugar phosphate libraries, and have subsequently taken advantage of the flexibility of nucleotidylyltransferases and GlyTs to incorporate these sugars on the vancomycin aglycon. NDP-sugars bearing specifically reactive functional groups such as azides were also included to allow downstream chemoselective ligation reactions to further elaborate the glycosylated natural products.
For example, Fu et al. used the nucleotidylyltransferase Ep to activate 6-azido glucose-1-phosphate (82) to TDPsugar 83 and subsequently employed the vancomycin GlyT GtfE to produce glycosylated vancomycin analog 85 [99] . This azide-containing variant and a pool of alkynes (86) were subjected to Huisgen 1,3-dipolar cycloaddition to generate over 50 derivatives of analog 85, some of which are shown in Figure 29 . While azide 85 displayed poor antibacterial activity, derivatives 87b, 87c, 87f, and 87k displayed antibacterial activity rivaling that of vancomycin itself. It is remarkable that monoglycosylated vancomycin variants have been discovered that display similar antibiotic activity to vancomycin, since all previously tested monoglycosylated vancomycins were found to be substantially less potent than the parent vancomycin (ranging from 10-25% of the activity of the parent) [107] . These results validate glycorandomization as a strategy to generate libraries of diversified natural products with enhanced biological properties. The incorporation of other reactive handles, including the incorporation of two orthogonal reactive handles, is currently being pursued.
In a related application, the anti-cancer agents daunorubicin (88) and doxorubicin (89) both suffer from toxic dose-related side effects that limit their clinical application. One potential way to reduce the toxic side effects of these compounds is to conjugate them to carrier peptides. Ingallinella et al. have chemically introduced ketones to the sugar portion of the antitumor agents daunorubicin and doxorubicin (e.g., 9 0 ) and have successfully ligated these molecules to model peptides containing aminooxy groups (Figure 30 ) [108] . The conjugation of these natural product derivatives to actual carrier peptides has not yet been reported, but such conjugates have been assembled by other means [109] .
CONCLUSIONS
In this review we have discussed chemoselective ligation and the carbohydrate-based applications toward which it has been applied. For instance, chemoselective ligation has advanced carbohydrate microarrays to the extent that they could be used as viable discovery platforms in the near future, and has been shown to be a powerful cell-surface engineering tool. This category of reactions has also allowed the facile construction of multivalent carbohydrate displays, TASPs that use carbohydrates as templates, oligosaccharide analogs, and glycopeptides. Chemoselective ligation has even been used to diversify glycosylated natural products. As the critical roles carbohydrate structures play in biological systems are better understood, methods to conjugate complex carbohydrate molecules to each other and to other scaffolds will become increasingly important. Chemoselective ligation is a powerful technique that promises to fulfill this need.
